Rationale: Mass spectrometry (MS) is the reference method for the screening of ultra-trace residues of pesticides in food because MS offers the required selectivity/ sensitivity to gather information and enable the analyst to make informed decisions during the identification process. Here we present and discuss the use of collision cross section (CCS) values in addition to mass accuracy and retention times in a pesticide screening method that integrates all the features offered by coupling ultra-performance liquid chromatography (UPLC) with ion mobility mass spectrometry (IMS-MS).
Rationale: Mass spectrometry (MS) is the reference method for the screening of ultra-trace residues of pesticides in food because MS offers the required selectivity/ sensitivity to gather information and enable the analyst to make informed decisions during the identification process. Here we present and discuss the use of collision cross section (CCS) values in addition to mass accuracy and retention times in a pesticide screening method that integrates all the features offered by coupling ultra-performance liquid chromatography (UPLC) with ion mobility mass spectrometry (IMS-MS).
Methods:
All experiments were carried out using UHPLC coupled to a travelling wave ion mobility mass spectrometer equipped with an electrospray ionization (ESI) source working in positive mode. An in-house library containing 200 pesticides was built using standard solutions and used as reference for a TWCCS calibration study.
Matrix extracts were analyzed to evaluate the performance of different screening workflows based on TWCCS, mass accuracy and retention times.
Results:
The results proved that TWCCS values are very consistent, as the measured values do not differ more than 1% from the in-house reference data library and emphasized the importance of the first low m/z mobility calibration point to guarantee full independence from instrument parameters and calibrant. The screening procedure was simplified to a single step by fully exploiting the content of ion mobility without generating any false detections, either positive or negative, from spiked samples and a previous proficiency test.
Conclusions:
The screening approach proposed in this study is unconventional and based on large mass accuracy (20 ppm) and retention time windows (0.5 min) to capture, in a first step, a maximum of detected compounds. Compounds of interest are then identified by comparing measured collision cross sections with the measured reference library collision cross sections (with relative error tolerance lower than 2%).
| INTRODUCTION
The objective of a screening method is to rapidly detect and identify targeted compounds in the sample under investigation, with false negative rates kept as low as possible, typically less than 5%. In the past decade, the detection step has been improved by the introduction of high-resolution mass spectrometry (HRMS) platforms, e.g. Time-of-Flight (ToF) and Orbitrap™. As no pre-selection of the target compounds during data acquisition is performed, thousands of compounds can be detected in a single analysis. [1] [2] [3] [4] [5] Instrument developments in terms of scan speed, resolving power, sensitivity, and ease of instrument set-up has increased the analytical capabilities of these mass analyzers. [6] [7] [8] The potential value of HRMS for screening methods was demonstrated with applications targeting specific groups of compounds such as pesticides, 4 veterinary drugs, 9 metabolites 10 and antibiotic residues. 11 Recently, publications have shown a clear trend towards wide-scope multiclass compound analysis such as pesticides, mycotoxins, natural plant toxins, 12 and multiple organic contaminants with over 625 targeted compounds. 13, 14 In addition to the diversity of constituents, a variety of sample matrices are being covered from food, 15 samples from the body such as urine 16 and blood, 17 to environmental samples, e.g. air and water. 18, 19 Although many applications have been successfully implemented, the identification process represents the major obstacle to having fully automated high-throughput screening methods. 20 This problem is particularly magnified when target compounds at low concentrations are nested in complex samples where matrix compounds are frequently present in higher amounts, producing spectra that are difficult to interpret or exacerbate the detection by hampering the ionization process. These challenges are frequently met in most published methods when analysts have to develop analytical strategies to detect ultra-trace levels of small molecules in complex biological samples. To exploit the full potential of HRMS, different steps of the identification process have to be carefully optimized. Data extraction of selected exact masses can be done using narrow mass extraction windows, typically 5 ppm, to enhance selectivity, 21 or wider mass windows (up to 50 ppm) to favour sensitivity. 22, 23 Ion count thresholds can also be applied to minimize the contribution of background noise to the number of detections. Then, the extracted data is matched against libraries using multiple entries for each targeted compound such as adducts, isotopes and diagnostic fragments. At the final step, tolerances (e.g. mass accuracy, isotope ratio) associated with the different screening parameters are used by the processing software to refine the screening outcome. Although these strategies significantly improve the confidence in the identification process, they rely heavily on high quality data, mostly an intense signal that can be significantly differentiated from the noise. In contrast, when the response of the targeted compound is low, the resultant mass spectrum is lacking characteristic information (e.g. isotope pattern and fragment ions) thus preventing reliable identification. 24 Low signal response is very complex to overcome as it can be caused by multiple effects taking place in the ionization chamber. In addition, the amplitude of these effects strongly depends on the experimental conditions used, e.g. mobile phase additives, chromatography, sample preparation, as well as the chemical properties of the analyte and matrix type. 25, 26 Hence, these detrimental effects are unpredictable and known strategies to overcome this problem, e.g. sample dilution/intensive sample clean-up, 27, 28 are difficult to implement in large-scale screening methods. Under these inauspicious conditions, an extra dimension of separation can help to mitigate these issues. 29 Ion mobility (IM) is an analytical technique capable of separating ions in a gaseous phase under an electric field on the basis of charge and collision cross section (CCS, Ω). 30 When IM is coupled with mass spectrometry (MS), the ions are first separated based on their sizeto-charge ratio in the IM component and further separated by the mass analyzer based on their mass-to-charge ratio. 31 This hyphenation provides more structural information within one analysis improving the identification process of the analyte which was first reported in 1962. 32 Since then, commercially available IM-
MS
instruments and additional hyphenation to liquid chromatography (LC) has enabled diverse applications in the field of small and large molecules which is evidenced by the large number of related publications. 33, 34 Without reservation, compelling results were obtained when more peptides were identified in spiked samples using LC/IM-MS compared with LC/MS for the same analysis. 35 This identification power results from the enhanced selectivity and peak capacity offered by this particular set of instruments. Based on this unique analytical capability, we have explored in a previous work the potential benefits of adding IM to LC/HRMS for the measurement of pesticides in food matrices. 36 Key findings from this research show that drift time measurements are reproducible and independent from matrix and compound concentration leading to the proposition of using this parameter as a new identification point. To apply this approach with automated and wide-scale screening methods further developments in processing software have been made which allow conversion of drift times into calculated collision cross section (CCS) values (a metric independent of instrumental conditions). Introductory work using these new features confirmed the higher degree of selectivity of the screening method when using ion mobility. [37] [38] [39] Since then, the approach has been successfully tested and validated. 40 monocyclic, e.g. chlortoluron; and polycyclic, e.g. difenoconazole), different composition (containing halogens, phosphorous, sulfur or nitrogen) and also with different polarity character (from polar such as cyromazine with retention time at 1.3 min to nonpolar such as dinotefuran at 11.9 min). The list of the targeted pesticides is given in Table S1 (supporting information).
Individual stock solutions were prepared at 1 mg.mL −1 by dissolving 10 mg of powder in 10 mL volumetric flasks with acetonitrile and 0.1% acetic acid. From the stock solutions, 10
solutions were prepared at 0.5 μg mL −1 in methanol containing 20 pesticides each. With the same stock solutions, a mixture of all the pesticides was prepared at 10 μg mL −1 in methanol, then diluted to 1 μg mL −1 for high-and low-level fortification, respectively. All the solutions were stored at −20°C.
| Samples and sample preparation
The sample preparation was based on a previously published method. 42 Briefly, all the samples were ground and homogenized using a mixer-blender. Sub-samples of 10 g for fresh samples, 5 g for cereal and 2 g for dry commodities were extracted with 60 mL of methanol containing 20 mM ammonium acetate mixed for 1 min using an Ultraturrax (Ika-Werke, Staufen, Germany) device. The extract was then filtered using a Büchner system. A 3 mL aliquot of crude extract was transferred to a 5 mL glass flask and the volume was adjusted to 5 mL with water containing 5 mM ammonium acetate. Fortified samples were spiked with pesticide mixture to the desired final concentration before adjusting the volume.
| Instrumentation

| Liquid chromatography configuration
The pesticides separation was achieved using a Waters® ACQUITY 
| Ion mobility and mass spectrometry
The UHPLC system was coupled to a travelling wave ion mobility (TWIMS) hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer (Synapt G2-S HDMS, Waters Corporation, Manchester, UK). This instrument has been previously described and details can be found elsewhere. 43 
| Travelling wave collision cross section calibration
After mass calibration, the Synapt was switched to mobility mode and left to equilibrate for 1 h. Then, an acquisition of DL-polyalanine solution of 5 μg mL −1 (prepared in acetonitrile/0.1% aqueous formic 
| Data handling
| Building a library for the 200 targeted pesticides
From the Waters pesticide library, we collected the targeted pesticides. For each of them, the library contains the corresponding formula, theoretical exact mass, and known fragments. After the injection of the solution mixtures at 500 ng mL −1 , the data was manually investigated to determine retention times and the presence of adducts. This information was inserted in the library before applying the screening method to the same injections to determine the measured TW CCS (Ω N2 ) (see terminology in the supporting information) of the 200 pesticides and associated adducts. The screening processing method is completed by inserting the TW CCS Ω N2 values with their corresponding ions. For the sake of clarity, these CCS values are called "reference CCS", coded as Ref CCS
throughout the text.
| Software-assisted screening process
The automatic screening process starts by transforming the raw data using the algorithm to obtain centroid spectrum. All detected ions were taken into account as background subtraction and threshold were not applied. Then, the software forms a peak list (monoisotopic ions) which are associated with significant peak features (e.g.
retention times, high-energy window fragments). This list is compared with the database (in-house library) with pre-defined customizable search criteria generating tentative candidates.
Our screening post-acquisition processing method sets tolerances for search criteria for accurate mass at ±20 ppm, retention time at ±0.5 min and for % CCS error at 10. This latter parameter is automatically calculated by the software as follows:
Then, an in-house filter is applied to the tentative candidate list to display only the detections with a % CCS error below 2%.
| RESULTS AND DISCUSSION
| TWIMS calibration study
The initial step was to generate TW CCS values for all the 200 pesticides to build an in-house TW CCS library. The mixtures of pesticides (at 0.5 μg/mL) were injected and the data collected in the low collision energy function were manually investigated to determine the retention times (Rts) and the base peak ions. The protonated molecules were the predominant ions produced for 78% of the pesticides studied here under these analytical conditions. For 33 pesticides the sodiated molecules formed the base peak ion of the spectra and the corresponding protonated ion was not observed at appreciable intensities (e.g. bifenazate). Also 11 pesticides showed significant fragment ions dominating their mass spectra. roll-over effect. 46 All the data resulting from this investigation are compiled in Table S1 (supporting information). For sodium adduct ions of pesticides, it was observed that their TW CCSs do not proportionately increase from the pseudo-molecular ion ( Figure S1 known TW CCS values derived from drift tube analysis. 49, 50 Polyalanine was adopted as a mobility calibration reference compound because it is the most commonly used TWIMS calibrant for small molecules and the number of monomer units used were from 3 to 14 with m/z from 232.1297 to 1013.5379, respectively. However, 27% of the pesticides targeted have lower masses than the first TW CCS calibration point of tri-alanine at m/z 232.1297 (limit highlighted by the dashed line in Figure 1 ). Under this critical point, the generated TW CCS values are coming from an extrapolation of the modelled curve. Hence, we could not discount the possibility of generating subtly different TW CCS values in the extrapolated region.
| Long-term precision study
To assess the validity of the regression model proposed in the low-mass range, errors associated with TW CCS values generated by the proposed protocol were estimated. The long-term precision of Interestingly, the larger variability for these compounds is not related to their masses (m/z < 232.1297 for 2 of them) but mainly to their mobility peak shape as no smoothing is applied to the mobility peak data (see Figure S2 , supporting information). Since drift time is determined from the peak apex, a peak distortion will impact upon the calculated TW CCS values. This issue could partially be solved by impact on the criterion of the determined value of 2%, set for TW CCS error tolerance. This is very important when the method has to be applicable to a wide mass range including very small organic molecules.
| Robustness study
The robustness of the TW CCS calibration was then tested by deliberately changing the IM parameters and comparing the measured TW CCS values with the reference TW CCSs. Three sets of experiments were performed by changing the IM velocity (static mode = fixed value and dynamic mode = velocity ramping) and also the IM gas pressure. The parameters are reported in Table 1 . An example of the consequence of the different IM parameters on the mobility peak is shown in Figure S3 (supporting information) for fenamiphos at m/z 304.1136. In general, with higher static wave velocity the mobility peak width is wider and the drift times are longer, meaning that the compounds stay in the mobility cell longer.
Hence, for the last two sets of parameters, TW the reference CCS values throughout the mass range of the pesticides (white dots in Figure 2 ), while, for the last two sets of parameters, deviations beyond 2% error away from the reference CCSs are clearly marked under m/z 232.1297 (first TW CCS calibration point).
From these results, we clearly see that TW 
| CCS screening proof of concept TW CCS He intercomparison study
To the best of our knowledge, using the developed CCS screening protocol described herein this is the first intercomparison exercise performed as proof of concept. The study was designed to evaluate and compare the capabilities of producing TW CCS He values in different laboratories using a Synapt G2-S, with a standard CCS calibrated acquisition protocol for screening purposes of pesticides.
All the participants followed a strict optimized protocol (the protocol is given in the supporting information). Four laboratories in three different countries (UK, USA and Belgium) were involved in the test. 
| TWIMS CCS parameter hierarchy in a screening approach by UHPLC/IMS-HRMS
The added value of using the TWCCS parameter within a screening method was then assessed by performing the analysis of a previous proficiency test (PT) sample for pesticides in food (EURL-PT-FV-16). 54 The PT material was a sweet pepper homogenate containing 13 LC-amenable pesticides in positive mode. Two additional pesticides could be added to this list, primicarb-desmethyl and tebuconazole, because they were in the sample but were not evaluated in the PT results by the organizers as their concentrations were below the minimum required reported limit (0.01 mg kg −1 ). In total, we can expect 15 detections using our screening method. The post-run processing was done automatically using three parameters were very wide. The results obtained for the sample at that stage is given in Table 2A showing a list of 26 putative candidates including the 15 PT pesticides but also 11 false identifications. From there, two different identification processes were applied. The two screening workflows are illustrated in Figure S4 In the previous study, 36 it was demonstrated that drift times were not influenced by matrix or concentration and these observations were also confirmed for TW CCS values (data reported in Figures S6 and   S7 , supporting information). Hence, the screening outcome for boscalid in leek was not expected. After investigation, it was found that the boscalid signal in leek was very low and that had an impact on the mobility peak profile (see Figure 5 ). This is typically the case of a chromatographic distortion that has negative effects on peak detection. Smoothing the peak would have allowed a correct peak apex value and less variation from the reference.
Additional pesticides were detected in the leek and green tea samples with all the parameters within required tolerance windows and fragments were also found as can be seen in 
In light grey are mass accuracy results in ppm >5
In dark grey are mass accuracy results in mDa >2
In bold with * is the CCS error % very close to 2 ND = Not detected Pyridafol was detected in all the samples and was on the final screening list as the CCS criterion was always below 2% regardless of the mass accuracy. This result is not surprising because it is the degradation product of pyridate and degradation in solution has been reported. 59 The analysis of the stock solution used confirms the presence of pyridafol; moreover, the non-spiked matrix extracts were free from this compound. These results support the choice of the one-step screening workflow which is completely automated, simple and rapid. Although wide mass and retention time tolerance windows are kept throughout the processing method, false identifications are dealt with confidently, via software and application of data filter with a tight CCS error tolerance.
| Resolving identification ambiguity using IM
So far, we have demonstrated how TW CCS values used as a screening parameter efficiently eliminate false positives and most importantly avoid false negative reporting. However, just as the TW CCS measured value for boscalid was investigated, when a mass accuracy is as high as −11.5 ppm for azinphos-methyl in leek, the analyst will further examine the data. The ion we are targeting for this compound is the fragment (C 8 H 5 NO with [M + H] +1 at m/z 132.0449) with further fragmentation in the transfer giving the fragment ion m/z 77.0391 (C 6 H 5 ) + . The mass spectra at low and high energy in leek matrix are given in Figure 6 . This figure shows the retention time aligned spectra for azinphos-methyl. Looking closer at the high-energy window ( Figure 6B ), there is a fragment at 132.9028 and another fragment at 77.04 that could be the ones we are targeting. It is very difficult to make a conclusion based on these observations. If we look at the same data but drift time aligned in Figure 7 , interferences are completely discarded, even the interference at mass 132.9028. This is a perfect example of the high selectivity added by ion mobility in the screening assay. The contribution of the interference at 132.9028 comes from a precursor ion with a different drift time than the azinphos-methyl fragment and is therefore removed from the spectrum leaving only ions that originate from m/z 132.0428. Without ion mobility, this detection would have been discarded even after spectral analysis. This phenomenon is comparable to selected reaction monitoring (SRM), where the precursor ion selected in the first quadrupole yields to product ions after collision-induced dissociation in the collision cell.
The selectivity of SRM is unique at the mass level, whereas ion mobility selectivity is based on charge, shape, mass and interaction with the mobility gas. Considering these principles, we propose to assign the name "mobility product ions" to fragments that are drift time aligned with the precursor ion. Understanding the mechanism involved in this gas-phase separation is crucial to apprehend the strengths of the proposed approach that is not only centered on CCS measurement, but gives an additional chemical characteristic highly discriminative to interferences. In the light of the experimental results from this study, ion mobility with the addition of accurate mass measurement is able to distinguish the target analytes from interferences and the measurement of CCS in solvent does not differ from matrix experiments. These are the prerequisite conditions to be eligible as an identification point (IP), 60 Table 4 reports the alternative IP assignment for each ion detected. This latter approach will be used from here on, although the current EU guideline on quality control in pesticide residue analysis 55 does not use the IP system but states minimum criteria for identification using HRMS. The latest revision of the SANTE document for pesticides requires two ions (with preference for the quasimolecular ion or adduct ion) and at least one fragment ion, having a mass accuracy lower than 5 ppm if the m/z is higher than 200, otherwise the criterion switches to absolute mass accuracy units with a tolerance of less than 1 mDa. In fact, transposing these SANTE criteria in IP would yield a score of 4.5, which is more stringent than the 4 IP required for forbidden substances. One critical issue is the need to have data of high quality, either by a thorough sample preparation that Table 5 . Boscalid in leek yields 4 IPs from accurate mass measurement (lower than 2 mDa) and associated CCS error lower than 2%. Although the SANTE criteria are not met with only the monoisotopic mass detected, lacking any isotopic profile and fragments, the identification was still possible and reliable. For pyridaben in green tea, the 7 IPs earned came from the detection of the in-source fragment with good mass accuracy and associated CCS error below 2%, in addition to the detection of the mobility product ion of the fragment with mass accuracy lower than 2 mDa. In this case, the SANTE criteria are met but not with the preferable ions. For pyridate in chives, with mass error over 2 mDa (IP = 1.5) and no mobility product ion, a total of 3.5 IPs was earned as the corresponding TW CCS measurement had an error less than 2%. This is the worst-case example where SANTE criteria are not fulfilled which would have generated a false negative. More soundly, these results exemplify the added value of ion mobility measurements for screening purposes which can reliably supplement more conventional identification parameters with increased confidence and throughput in the data generated in routine laboratories.
| CONCLUSIONS
The to extend applications to other small molecules. As ion mobility processing functionality and hardware technology evolves, use of ion mobility in routine regulated screening protocols is likely to increase;
in parallel, these studies will provide the opportunity to challenge the proposed identification system and screening methodology. 
